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Abstract

The effects of a periodic pitching motion on the flow
around an NACA 0015 alrfoll were studied. The periodic
motions consisted of a rotation up at a constant rate
followed by a constant pitch down at an higher rate. The
pitch rate as well as the minimum and maximum angles of
attack were variables in this study. Data was collected
through surface pressure transducers connected to a
microcomputer based data acquisition system. Data was
collected at a rate of about 4000 samples per second and
reduced on the same microcomputer system. The data was
reduced by numerical Iintegration of the pressure readings to
produce coefficient of moment, drag ,lift curves versus the
time. The curves seem to indicate that the airfoil can be
pitched to angle 1.5 times its static stall angle without
any signs of major flow separation. Also over a wide range
of pltching rates the airfoil reaches the same value of C

. L
at 20 degrees angle of attack. Above twenty the maximum CL
and stall angle of attack are dependent on the pitch
rate.Nondimensional pitch up rates from .01 to .038 were

used in this study.




QE§ INVESTIGATION OF PERIODIC PITCHING THROUGH

THE STATIC STALL ANGLE OF ATTACK

I. Introduction

Background
Dynamic stall is the process by which a pitching

airfoil passes through its static stall angle of attack,

Loar b o - o

“ss, from below and continues to increase its lift with

increasing angle of attack. Through this process, stall can

be delayed up to tens of degrees. When the airfoil does

stall, however, the stall can be more severe and can persist
t after the airfoil is returned to an angle of attack below

@ . On the other hand, the coefficient of lift, C has

sS L’
been shown to reach values up to four times the maximum
static CL before stall occurs. The extra lift provided by
this process might be of some practical use and is worthy of
further study.

The dynamic stall effect was first reported in the
1920's by pilots who realized unusually high lift in tur-
bulent air (Ref 3). The effect has become an important
topic in several areas of aerodynamic research. In

turbomachinery, poor nozzle design, flow separation from the

inlet cowling or boundary layers from adjacent aerodynamic

5
vy
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@38 surfaces can cause the velocity to vary circumferentially at
the inlet. The effect on the compressorAblades has been
compared to periodic motions involvirg rotation (Ref 4).
Dynamic stall effects might be useful in explaining
improvements in compressor performance under some
conditions. With helicopters, dynamic stall is part of the
phenomenon known as retreating blade stall. When a
helicopter 1s in forward motion the advancing blade
experiences a relative wind which is the vector sum of the
blade rotation velocity and the helicopter forward velocity.
The retreating blade experiences the sum of the forward
velocity and minus the rotation velocity. The result is a
decrease in the local angle of attack and relative air speed
for the retreating blade. The combination reguires the
retreating blade to increase ifs angle of attack during
rotation in order to maintain lift and keep the aircraft j

from rolling. In high performance helicopters increasing

the angle of attack as the blade retreats causes the blade
to be at an angle of attack well above ass for as much as
half the revolution (Ref 11). Dynamic stall effects are

also present in some cases of stall flutter as the

E’
t

fluttering section passes through @_ . Finally, and most

recently, in the field of aircraft =supermaneuverability,

dynamic stall effects might be used to allow aircraft to

perform maneuvers in the post stall (PST) range (Ref 5).
A
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The PST maneuver is initiated with a rapid pitch up to bring
the aircraft into the post stall region where the pilot

might remain for a few seconds to pe:rform a maneuver. Even
if the dynamic stall effect could not be exploited to this )
extent, it 1s important to understand the aerodynamic ‘
effects on a wing pitching through uss'

With several areas of applicability, a large number of

Al A -

studies have been completed to characterize and predict the

dynamic stall process. In 1968 Ham (Ref 11) completed a

a2 s 2 -

study to explain the torsional oscillation of heljicopter
blades during the stall portion of their revolution.
Through interferograms of the airfoil he showed that the
mechanism of dynamic stall included the shedding of a large
leading edge vortex. The leading edge vorticity tended to
roll up into a dense accumulation on the order of the
original wing bound vorticity. The vértex was then carried
downstream with the free stream velocity. As the vortex
passed over the airfoil it caused a large pitch down moment
which he felt was responsible for the oscillations.

Knowing the vortex was present, Ham used potential flow
theory to model the pitching airfoil. He used a flat plate
for the airfoil and adjusted the strengths of the leading
edge and trailing edge shed vortices to maintain stagnation

at the leading and trailing edyges respectively. A

sinusoidal pitching motion was used and the vortices were A
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Qéb assumed to travel at the local flow velocity. Results of
the theory versus the experiment showed that the peak values
of 1.:t and moment could be predicted accurately, but the
model did not predict when the peaks would occur. Another
problem with the model was that it required input from
experimental results to tell when leading edge vortex
separation occurred.

The prediction of when vortex shedding and subsequently
stall occurs has been under investigation since the dynamic
stall phenomenon was first reported. Kramer (Ref 20) found
a relationship between the maximum static coefficlent of

l1ift and the maximum dynamic coefficient of 1ift.

vy ca

of = C + 0.36
& LmAX DYN Lmax ST v

(1)

This equation does not indicate when (at what angle of
attack ) stall occurs. If it is assumed, however, that the

slope of the C. versus angle of attack is linear and has the

L
same value for both the static and dynamic cases, the above
equation can be rearranged to provide an angle of attack for
dynamic stall. Since Kramer's study the coefficients of the
equation have been improved but the nondimensional parameter
used to relate the static case to the dynamic case has
remained the same. Most recently Daley (Ref 18) verified

and extended the work of Deekens and Kuebler for an airfoil

pitching at a constant rate. The new relationship is

SRR R AT c e
I N AN TR I NN A AN
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w0 o = C +4.8
LmAx DYN LmAa ST \

(2)

Schreck (Ref 3) continued Daley's work by mounting

several pressure transducers on the pltching alrfoil to
provide pressure profiles as well as 1lift versus time graphs
for the dynamic stall process. Schreck's data shows very
clearly that the assumption made earlier of a linear coef-
ficient of 1ift versus angle of attack curve all the way up
to stall is incorrect. Schreck's work was extended in
Reference 1. The CL versus angle of attack curves in Refer-
ence 1 (Fig 1 ) show some interesting characteristics. A
slight "knee" occurs in the curve starting at about 23
degrees angle of attack. After this knee the curve behaves

‘i, similar to what Chow (Ref 10) predicted analytically for a
vortex passing over an airfoil. The pressure profiles seem
to confirm the vortex passage by indicating a suction wave
over the upper surface.

Another important parameter in describing the process is

the angle of attack where quarter chord separation occurs.

As shown in Reference 1, the difference between Q”ep and
o>
o
dyn stall ©an be related by the same parameter used to
a v}
relate 55 to dyn stail’
a . o« k¢
- cep kaND (3)

With these empirical equations and the potential flow

| model, an accurate prediction of the coefficient of 1lift on
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an alrfoll pitching at a constant rate can be made.

However, to be able to exploit the augmented lift provided
by dynamic stall effects, the airfoil must enter and depart
from the post stall region with a minimum of adverse drag
and moment effects.

For the most part research involving airfoils moving in
and out of the post stall region have been confined to
sinusoidal pitching motions. While sinusoidal motion most
accurately represents the motion of helicopter or compressor
blades, most of the work on modelling dynamic stall has been
accomplished on constant pitch rate airfoils. For a better
understanding of the dynamic stall process on periodically
pitching airfoils some work should be done with airfoils
moving with constant pitch rates. A better understanding
could provide an angle of attack profile that would capture
the augmented 1ift by sustaining the extra lift provided by

the pitching motion.
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ghes Objectives
The first objective was to study the effects of having
constant pitch rate. on periodic pitching motions into and
out of the post static stall reglon. It was hoped that a
motion could be found which would provide an average
coefficient of 1lift which was higher than would be available

for steady flow. Since the vortex separation was believed

T

to be an integral part of the process which provides the

excess lift, the plan was to try to provide the excess 1lift

v

by pitching up, exciting vortex separation, terminating the

motion and then pitching down iIn an attempt to reattach the

flow before the influence of the shed vortex was lost.
. The second objective was to justify work accomplished
in the Air Force Institute of Technology, AFIT, Smoke Tunnel
by attempting the same pitch motions in a wider tunnel at
the von Karman Institute, VKI. While'the model in both the
AFIT and VKI tunnels spanned the width of the tunnels,
simulating infinite aspect ratios, it was of interest ton
know how the experimental aspect ratio differences would

affect the dynamic stall results.
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I1. Theory and Approach

This section is divided into six subsections . The
first section describes the theory of dynamic stall that was
used to make decisions about the direction of the investliga-
tion. The remaining sections describe the approach taken to
different aspects of the experiment. These include dis-
cussions of force coefficient measurements and pitching

motion control.

Dynamic Stall

Even though a discussion of the dynamic stall pheno-
menon was given in the background section, a more detailed
‘— description will be given here. Figure 1, which was tken
from Reference 1, shows a coefficient of lift versus angle
of attack for both static and dynamic.cases. It will aid in
the discussion. Up to 16 degrees angle of attack the
dynamic lift varies roughly proportional to the angle of
attack and with approximately the same slope as the static
case, although the slope of the static curve has already
started to decrease by 12 degrees. Work from Jumper, et.
al. (Ref 1) suggests that the two slopes may only appear to
be colinear. The pitching airfoil may have a positive lift
; coefficient a rotation onset even at zero angle of attack

due to an "induced camber” from the motion. The induced
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A camber effect is outlined in Allaire (Ref 25).

The fact that the dynamic curve remains linear up to 16
degrees while the static curves begins to level off at 12
deqgrees may be attributed to several factors: the pitching
motion of the alrfoll; the Moore-Rott-Sears (MRS) criterion
for separation, which allows reverse flow in the reference
frame of a moving wall as long as the x-component of the
velocity is positive in an inertial frame; mass ingestion,
which accounts for the extra mass taken into the control

volume by the pitching motion; and the effects of the wake.

All these are discussed in Jumper et al (Ref 24).
The way these variables combine is not completely
understood, but, in the case of constant-a motion, the
% figure shows that after 16 degrees the curve levels cff
slightlybefore continuing to rise. Then somewhere between
20 and 25 degrees, separation at the dﬁarter chord occurs
(Ref 1). This separation is followed almost immediately by
p the shedding of a leading edge vortex.

The vortex convects over the airfoil at some fraction
of but on the order of the freestream velocity. When the
vortex starts its passage the suction péak near the leading
edge collapses and a suction wave passes over the upper

surface of the airfoil. The passage of the wave, while

increasing the lift, causes a pitch down moment. The moment

reaches a negative "peak" as the vortex passes the trailing
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edge, slghtly lagging the maximum lift peak.

Since, in the series of experlments kRef 3) upon which
current work is based, the wing is allowed to continue to
pitch up at a constant rate during the passage of the
vortex, the angle of attack far exceeded the static stall
angle at the point when the lift violently decreased (dyna-
mic stall point). With continued pitching motion a train of
alternating leading and trailing edge vortices are shed
which cause other 1ift peaks, but none with the magnitude of
the first.

With this model of the dynamic stall process the
present investigation proposed to examine periodic motion of
an airfoil into and out of the post stall region, using
constant, but different, pitch rates for the up and down
ramps. It was hoped that the periodic motions would provide
an averaged lift that was higher than‘the maximum static
lift. To provide for this, the airfoil was pitched up at
one rate to try to excite the leading edge vortex separation
then pitched down at a faster rate in an attempt to get the
alrfoil to an angle of attack where the flow could reattach.
The maximum angle of attack as well as the pitch rates were

varied to determine the effect on the formation of the
vortex. The minimum angle was varied to determine the

effect on flow reattachment.
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Determination of Pressure Coefficlents

For this investigation a NACA 0015 airfoil instrumented
with 16 pressure transducers was used. This is the same
model used by Daley, Schreck and Dimmick (Ref 18,3,8). Due
to freestream irregularities and some noise, the signal from
the transducers had a larger variance than had been exper-
ienced in the previous studies. Following the example of
Schreck (Ref 3), these fluctuations were filtered out by
using ensemble averaging of five runs at the same dynamic
conditions, i.e., at the same angular rate and freestream
velocity.

For this experiment the airfoll was sealed and the
reference ports on the transducers were vented to the
atmosphere through a shaft in the side of the airfoil. The
transducers thus returned a voitage which was proportional
to the pressure difference between the local pressure on the

airfolil, Pioc’ and the pressure outside the tunnel, Pamb
These voltages were transformed to digital counts via a Dual
AIM-12 Analog-to-Digital(A/D) Converter and were stored on a
disk. Knowing the characterisics of th A/D board and the
transducer sensitivities, the difference in the pressure,
Aptran’ could be regained.

The coefficient of pressure for each location was
determined from the definition

-
Cp = (ploc—pm}/((l/‘)pwvw} (1)

12

P e T e T T T I TP U T

e f LA 4 3 e el e . . .
alaXaxatnd, L'.L“‘ ‘-"-' "LU- A-#{L.‘.iu' O L A R S S S L GO C At LRI AT

TRTETRTRS ‘*mmwwwrmmmm“

4

i




L3 3 L) O™ e - . . 1 T
gy g% ‘h &’ D
\ 3 v VW ‘e Yy gt 9.8 0 0 LB 8.3 7at Al tabo el pre R

where p, iIs the freestream static pressure in the tunnel and
Podnd Vo, are the freestream density and veloci'y, respect-
ively. As described in the last paragraph P1oc €3N be

determined by

= 4
Ploc ® "Ptran ¥ Pamb (5)

Substituting

p
- _ 2
Co =3P an* (PuppPe) 1/ 1(1/2) (V2 (6)

From Bernoulli's incompressible flow relation the denomi-
nator is equal to Py, = Py where P, is the total pressure in

'*" the tunnel. So

C = {Aptran+(p

D —pm)}({po-pm¥ (7

amb

The determination of Aptran has already been discussed.
The value of the denominator is the pressure difference
measured by the pitot-static probe and the second term in
the numerator can be measured by venting the pitot side of
the probe to the atmosphere. .

Accuracy of the Pressure Profile

The number of transducers in this case was limited to
16 by the capability of the data acquisition system. It was
important that the transducers be well positioned to provide

an accurate pressure profile. 1In McAllister, et. al. (Ref

e g 2B dh g
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2), the pressure profiles indicate that narrow pressure

spikes occur near the leading edge. Therefore it is ade-
quate to cluster the pressure transducers near the leading
edge and allow greater separation toward the trailing edge.
By this method the locations in Figure 2 were chosen.
Physical limitations of size precluded the use of a
transducer nearer to the trailing edge. However, based again
on results from McAllister, et. al., the coefficlent of
pressure at the trailing edge was calculated by extrapo-
lating the values from the last two transducers on the upper

surface (i.e., locations 8 and 9 on Figure 2}).

Integration of the Force Coefficlents

Following Schreck (Ref 3) integraition of the force
coefficient was accomplished by finding the area inside the
polygonal lines joining the data poinfs on the coefficient
of pressure versus position curve. The normal coefficient
was obtained from the pressure versus chordwise position and
the chordwise coefficient was obtained from the pressure
versus normal position curve. The coefficient of moment was
determined by a similar method only a moment arm was multi-
plied by each section normal coefficient. Additions to the
moment from chordwise forces were considered negligible,
These coefficients were converted to lift and pressure drag

using the cosine and sine of the angle of attack.

14
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The Problem of Data Acquisition

Measurement of the physical parameters of the dynamic

stall poses the problem common to unsteady flow measurement.

The measurement system must provide accurate measurements

and must react quickly. 1In this experiment the data is

collected at a rate of about 4000 samples per second.

Since there are 16 transducers, the requirements for each

transducer are, at most, 300 samples per second. The rated

frequency response of the transducers is approximately 9000

Hertz, far exceeding the experimental requirements.

Driving the Airfoil Motion

% The pitching motion of the airfoil in this investi-
gation consisted of a constant pitch up followed by a
constant ramp down with perhaps some delay in the middle.
Dimmick and Schreck (Ref 3,8) had used a planetary gearmotor
to provide constant pitch rates for their projects, so the
same motor was initially incorporated in this experiment.
The slope of the ramp could be controlled by adjusting the
voltage. The problem was to provide a constant ramp down

after the ramp up. After consideration of a system of cams,

a simpler solution using two microswitches was adopted. The

microswitches were mounted in a circular track. A shaft

which was connected to the airfoil passed through the center

AERA L TR - e A, L e
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of the circle. An arm made of flexible spring steel was
attached to the shaft. As the shaft turned the arm would
trip the microswitch. The microswitch was connected to a
relay which switched the power supplied to the motor from
one source to a second source of opposite polarity. The
power supplies were independent so that the ramp up and ramp
down could have different values. A varlable delay was
built into the system when the switch was tripped at the
minimum angle of attack.

This investigation was performed in two parts, the
first in the AFIT tunnel and the second in the VKI tunnel.
In order to accomodate the larger span of the VKI tunnel,
the second part used the same airfoil with extensions.
Because of the larger size and the desire for a wider range
of pitching motions, a different drive was chosen for the
second part of the study. The system éhosen. It consisted of
a servo motor, an amplifier, a control interface card, and a
portable computer. With this system, theoretically, almost
any pitching motion could be programmed to the shaft from
the computer. Details on the equipmenrt is provided in the

Facilities and Instrumentation section.
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ITI. Facilities and Instrumentation |

The experimental phase of this work was completed in
two different facilities. Descriptions of the equipment 1

used at each facility is provided in this section.

Wind Tunnels

At Wright Patterson AFB, Ohio , the AFIT Smoke Tunnel

was used. The Smoke Tunnel is located in building 640 {in
Area B. The test section of the tunnel is 59 inches long,
39.5 inches high and 2.75 inches deep. The tunnel is
capable of test section velocities up to 45 feet/second
(13.72 meters/second). The Smoke Tunnel's capabilities are
further described by Sisson (Ref 21) and Baldner (Ref 19).
Since this experiment did not involve flow visuali.ation,

the smoke rake was removed to improve flow quality.

At the von Karman Institute, a modified version of the
L-2A low speed wind tunnel was used. The test section of
this tunnel was 2 meters long, with a cross section 1 meter
high and .28 meters deep. The modified tunnel is capable
of test section velocities up to 12 meters/second (39.4
feet/second). Further information on this tunnel and its

modification are provided in Appendix C.
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o Velocity Measurement

; Test sectlon static and total pressures were measured
using a hemispherical head pitot-static probe in conjunction
with a Meriam A-937 water micromanometer. The probe hole
was located 31 inches from the point where the test section
begins so that the tip of the probe was directly under the 3
leading edge when the alrfoll was at zero angle of attack.
The position of the probe was determined to be important for
the accurate measurement of pressure differences at the y
model location. The pressure differences were used to X
determine tunnel velocity during data collection and to
calculate pressure coefficlents during data reduction. N

At the VKI the tunnel was wider so the pitot probe was

L located at a more conventional position one chord length
ahead of the leading edge. The probe was mounted at quarter
of the tunel height and positioned aléng the centerline.
Due to the small pressure differences being measured a

pressure transducer was used in place of the micromanometer.

CF e e e

Airfolil
‘ The NACA 0015 airfoil used in this experiment had a
12.2 inch chord. In the form used at AFIT, it consisted of

a hollow mahogany shell, 2.63 inches deep, closed on both

e i j

sides by aluminum endplates. The plates were sealed with

N

silicone rubber adhesive. For the work at VKI, blocks were

.
S %
Sd
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G&; put on either side of the airfoil to extend its span to 11
inches (about .28 meters). At AFIT the one endplate was
rigidly att.ched to a 14 inch tubular aluminum shaft with an
outside diameter of .75 inches. At VKI a 14 inch aluminum
shaft with an outside diameter of 1.125 inches and an inner
diameter of 1 inch was fixed to one of the blocks. Both
shafts had a slot at the midpoint to admit ambient air to
the interior of the airfoll so that the transducer reference
ports were referenced to ambient (room) pressure. The shell

had transducer ports drilled in it at locations shown in

Figure 2.

Pressure Transducers

a Y

‘iﬁ The transducers used in this experiment were ENDEVCO
8506-2 and 8507-2 miniature plezo-resistive pressure
transducers. The only difference betwéen the two types is

that the 8506 has a threaded mount. Both types of

transducers had a range of plus or minus two psig and
required an excitation voltage of 10.00 volts DC.

Excitation voltage was provided by a Hewlett Packard 6205B
Dual DC Power Supply. Resonance frequency response for both
transducers was 45,000 Hertz. The rated frequency response
was 20% of the resonant frequency or 9000 Hertz, thus the
trai sducer response frequency far exceeded the dynamic

requirements of the experiment.

)
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The transducers were flush mounted in the ports

according to specifications provided by ENDEVCO (Ref 21).

General Electric RTV Silicone Rubber Adhesive Sealant was
used as the bonding agent. After completing electrical
connections the transducers were calibrated as outlined in

Appendix A.

Drive Mechanism

For the work done at AFIT, the airfoil was rotated by a
TRW Globe Model 5A2298-4, 12 Volt DC,constant speed
planetary gearmotor with a 525:1 reduction ratio. The pitch
rate was controlled by varying the voltage supplied to the
motor. The voltage was provided through a control clircuilt
designed and built by Jay Anderson, an AFIT technician. The
circuit incorporated two relays which>were wired to the
microswitches. Hitting a switch caused the voltage to
switch polarity and the motor to change direction. A
variable delay was also built into the system. The circuit
required three power supplies: one for the pitch up, one for
the pitch down and one to power the relays.

The microswitches were triggered by a flexible spring
steel arm which was attached to the shaft of the airfoil.

The microswitches were mounted in circular tracks with the
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ﬁé- shaft passing through the center. With this set up the
switches could be adjusted to set the minimum and maximum
angles of attack. Flexible arms were also placed on the
microswitches. Flexibility was required to to keep from
damaging the microswitches.

At the VKI a more versatile drive system was used. The

motor for this system was an ER&G Torque Systems PM Field DC
Servo Motor Model MT35ZB-136DF. The motor was controlled
through an A721 Series Pulse width Modulated DC Ampliflier.
The amplifier interfaced with a Tandy 100 portable computer
through a MINI Mcz Controller Card. The system
also included a digital display for monltoring shaft
position. Using the MINI.BAS program provided for the Tandy

] 100, the shaft could be programmed to do a number of

periodic motions. Rotation rates, accelerations,

decelerations and overshoots could algo be controlled.

Data Acquisition System

The microcomputer system consisted of a Heath Model
H-29 monitor and keyboard, a Panasonic KX-P1091 Dot Matrix
Printer and a TecMar Computer Chassis. The TecMar box

contained two Shugart eight inch floppy disk drives and an

$100 bus equipped with an SD Systems SBU 100 Single Board
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Computer, an SD System Expandoram II Board, and an MD2022
Tarbell Disk Controller Board. To perform the digital data
gathering, two Dual Systems Control Corporation AIM 12
Analog imput module boards were added.

The AIM 12 is a high speed, multiplexed analog-to
digital data acquisition module compatible with the standard
§-100 bus. The analog-~to-digital conversion subsystem on
the board can be operated in one of two modes: the unipolar
mode which requires an input from 0 to 10 volts or the
bipolar mode which accepts input voltages from -5 to +5
volts. The AIM 12 also contains a preconditioning subsystem
which amplifies the input signal. The system can provide
gains from 1 to 100. Single ended amplifier operation
allows 32 separate analog inputs to the multiplexer while
the differential mode allows only 16 inputs. Differential
operation takes advantage of the high.common mode rejection
of the amplifier.

As mentioned before, two of the AIM 12 boards were
used for data collection. The first was for the pressure
transducers. These transducers had a full scale output of
300 mV for 2 psi. Under the conditions of the experiment
the maximum output from a transducer was on the order of
1/10 of this range. This obviated the use of the maximum
gain setting in the preconditioning subsystem. With a

maximum gain of 100 the board is saturated with a 50 mV

23
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signal. Differential mode operation at this gain setting
provides 114 3B common mode rejection. The board was
operated in the bipolar mode even though the pressure
transducers always sensed a negative pressure difference.

The second board took readings from the a 10 turn
potentiometer. The total voltage across the potentiometer
was set to 10 volts so that the second AIM 12 card could
have a gain of 1 and operate in the unipolar mode. Noise was
not a problem with the large signal so single ended

operation was used.
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IV. Experimental Procedure

Transducer Calibration

For the first several days the transducers were
calibrated daily. This procedure, which was time consuming,
is outlined in Appendix A. The sensitivities, however,
varied only two or three millivolts per psi on values on the
order of 150 mV/psi. There were some exceptions where the
sensitivities varied by 10 mV/psi for one day then returned
to values close to previous days. This variance could
indicate a faulty precedure or incorrect calculation.
Therefore the averages of the first several days
sensitivities without the exceptions were used to reduce the

data.

Data Collection

This section outlines the standard procedure for taking
data during this investigation. The procedure at AFIT and
VKI were nearly identical with only slight differences which
are mentioned as they arise. First all electrical
equipment, including power supplies, multimeters, and the
computer, were allowed to warm up for at least 3 hours

before any data was taken. This was to allow any large

electrical transients to die out.
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‘S& To begin the data runs, the room temperature and
pressure were recorded and the tunnel was started and
adjusted to provide a test section velocity of about 30 feet

| per second. At AFIT using the voltmeter attached to the
position indicator as a monitor, the microswitches were
positioned in the track to provide the specified minimum and
maximum angles of attack. To do this the model was pitched
up to its maximum angle of attack. The position was noted
and 1f corrections were required, the airfoil was returned
to a lower angle of attack and the microswitch was
repositioned.The same procedure was used to set the minimum
angle of attack. At the VKI the position indicator was

. connected to an ultraviolet oscilloscope which provided a

‘i‘ hard copy of the motion. Any adjustments in that case were
to the servo loop parameters of the controller. 1In both
cases the procedure was accomplished Qith the tunnel in
operation to provide the motions which would be seen during
a run. The model was then adjusted to zero angle of attack
and the tunnel was shut down.

The rest of the procedure was initiated by executing

the TESTRUN program (Appendix F). The program provided a
series of requests and commands to aid in the data taking

process. The following is a summary of the data taking

26
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sequence. The first series of inputs requested by the
program were the date, the time, the room temperature and
the room pressure. The inputs were echoed to the operator
for verification. Failure to verify resulted in a repeated
prompt for data. Next the program read the zero input
values from the 16 pressure transducers. The tunnel was not
actually shut down (the tunnel was running to set the
motions) until just prior to these readings in order to
avoid the problems discussed in Appendix B. The program
paused before taking the readings. At that time the tunnel
was shut down and the pressure difference between the
tunnel and the room was allowed to adjust to zero. Then the
program is signalled to take the readings. After
verificatlion of these readings the operator was prompted to
turn on the tunnel.

The next inputs required at AFIT.were two manometer
readings and two voltage readings. The first manometer
reading was for the difference in pressure between the
static pressure in the tunnel and the pressure in the room.
This was measured by connecting the static side of the
pitot-static probe to one side of the micromanometer and
venting the other side to the room. The second manometer
reading was for the difference between the static and

dynamic pressures in

21

ML A SRR E RNy

......

ARLEN y
® I AN W AN I A A, -(L(.f-f-f-f\auf S

\

Nty A

TS LT

rary

Xl

A
-

-
-
o~
o
NG
h)
9




<

Y

the tunnel. This was obtained by connecting the total side
of the pltot static probe to the empty side of the
micromanometer. At the VKI the procedure was slightly
different. There was a static port separate from the pitot-
static probe. The static to room value was read from a Bets
manometer and the pitot-static probe was connected to a
pressure transducer.

The voltage readings were taken from the voltmeter
connected to the position indicator (potentiometer). The
first voltage reading corresponded to a 90 degree angle of
attack for the alrfoil and the second reading to a zero
angle of attack. These readings were taken by disconnecting
the shaft from the motor and manually turning the airfoil to
the correct angle of attack. Two pleces of tape on the test
section window marked the zero and ninety degree positions.

Again all inputs were echoed to the screen for
veriflication. Upon verification all inputs entered thus far
were stored on a disk.

The next part of the program performed the data
collection. The program first requested the number of
samples to be collected. The capacity of the computer's

local memory was filled wth about 3600 samples. This number
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provided 200 passes of the transducers, the position
indicator, and the clock. Then the program prompted for a
signal to begin data collection. At that time the airfoil
was set in motion. If the model was moving freely and the |
positlion voltmeter indicated satisfactory motion, data
acquisition was initiated. The airfoil was allowed to make
at least four cycles to check for irregularities prior to f
acquisition initiation..

After the data was taken the program would indicate the
number of samples actually taken. It then offered the
option of saving the data on disk or repeating the run. This
was repeated four more times to provide five runs with the
same pitching motion.

After five satisfactory runs were completed, static
lift coefficient data was generated. The program again
prompted for the number of samples to.be taken. Then it
waited for the signal to begin acquisition. Upon the signal
the program gathered and reduced the data to provide
coefficients of pressure and the normal force. The pressure y
coefficients for the upper surface were displayed first and ;
after a line feed, the lower surface coefficients and the
normal force were displayed. This allowed the operator, at
least qualitatively, to check the results from the runs. The

coefficient of normal force was recorded along
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with the position voltmeter reading. This process was

repeated three times for each angle of attack on the curve.

The positions were set by hand usin; the voltmeter as a )
guide. Positions from 0 to 22 degrees were used to provide

adequate data for a lift versus angle of attack curve. After

sufficient data points were collected TESTRUN was terminated

and the equipment was shut down.
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V. bata Reduction and Discussion

Data reduction for this project was a three step
i process. The first step was to convert the digital counts

to force coefficients. Since the data runs were not

initiated at the same point in the cycle, the second step
was to aline the data sets. Finally, the data were averaged
over five runs to provide the results which are presented in
Appendix E.
The first step was accomplished by using the program
DOS4A. This program read data from six files, RAWDATAOQ
through RAWDATAS. RAWDATAO contained the voltage readings {
‘i‘ for the zero and ninety degree angles of attack and the zero
pressure readings for each pressure transducer. The other
files contained data from the test runs. Each file has 200 .
sets of 18 data points. The data consist of readings for \
the clock, the angle of attack indicator, and 16 pressure ;
transducers. Each transducer reading was converted to a
pressure by the method discussed in the Theory and Approach >
section. Using the pitot-static pressure along with the
pressure difference between the tunnel and the room, which
were also on RAWDATAO the pressures were converted to »
coefficients of pressure. Transducer 15 did not operate
properly so the coefficient of pressure for that location
was determined by interpolation between the coefficlents of

pressure for transducer locations 16 and 14. The angle
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of attack was determined by assuming a linear change in
voltage readings between successive readings (i.e. linear
interpolation). The digital readings from the position
indicator voltages were measured via the analog to digital
(A/D) card and converted to angle of attack via a
calibration coefficient. Since the voltages changes
linearly, the calibration w